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In ibis paper, [he e~ec! of s[rain rate and [temperature on the sub~mcmre evolution
and mechanical resporue of Nifll will be presented. 77sestrain rate respome OJ lVi@l
wu sludied at s[rain laIes from lt?J S“l (quasi -smtic) to ]@ s“] using a Split Hopkinson

Presstirt Bar. 7%e Hopkinson Bar tes[s wtre conducted at temperatures ranging from
77K to 1273K. Ar high strain rates’ the jlow strength increased sign flcantly wi[h
increasing [temperature, similar to [he behanor obserwd at quasi.watic rates. The wvrk
hardening raws itxreased wiih strain rate and vaded with temperature. lle work
hordfnifig ra!es, appeared to be sign~camly higher thim[hose found for Ni270. l%e
wbs!ruclure eVoh{:ion was characterized utiliu”ng TEM. The d~ect generation ard ra!e
seruiti viry of Ni/L are also discwsed as a Jimc[ion of strain rate and temperature.

1, INTROIXICTION

While Ihc influcncc O( s[rain rdlc on the slruclurdpropefly response of a varic(y of

metals and alloys has been extensively studied, [hc effest of striiin mte on ordered



filloys remains largely unknown. Extrapolating lrcnds in mechanical properties

which arc well known ;“ -onvcn[ional alloj$ (o ordered sysmms is complicatcxi by

the unusl’~1 temperature dependence of the flow strength in some intcrmedlics

such as Nil Al. In most materials [he flow s[rcss decrm.es with increases in

lempcra[urc over all slrain rate regiincs. In Ni3Al and other orderal inlcrmclallics,

[he anomalous yield strength behavior has been rezogniti for mzmy yws [I-6].

The strain ra(cs al which previous investigations have ken conduckd on Ni3Al

have been Iimittxl 10 rates less than 0.1 s“’ [1-6]. In these skain rate regimes me

flow stress increased with temperamre to about l(X)OK and then decreased wi[h

further increases in tempcmturc [3-6]. The cause of the anarnolous flow stress

behavior in NilAl is currently the topic of wide discussion. Most agr~ that this

behav~or is due 10 a change in planarity of the mobile dislocations and the locking

of these dislocations by the kinks that form durin: cross-slip.

At high strain rates, 1 < k< 10’ s“’, (he mechanism controlling deformation

in FCC metals is thought to be thermally activalcd glide [7- S0]. Although NilAl is

an ordered FCC metal, [he anamolous flow stress behavior should s[ill be observed

at high slmin rates if the tale controlling mechanism is thermally uclivalcd. The

impetus behind lhis resa.rch was to examine whether or not this anamolous

behavior was observed al high strain rates.
.

11. EXPERIMENTAL

NilAl obtained from Idaho National Engineering hboramry, with a comfmsition of

75,9 a[. % Ni, 24,1 at. % Al and 0.095 at% B, was used in (his study [1 1]. This alloy

is a powder metallurgy product fabricakd by Homogeneous Metals of Clayville,

NY, “rhe powders were prcduccd by vacuum gas atomization, sealed in evacuated

S(CCI cans and extrudd at 1100 ‘C. Compression samples were CUI with a wire

EL)hl, The samples were annealed at I I(WC In ~!cd quartz tuba or in an incrl

a(mosphcrc and were quenched in water, This heal treatment yielded tin quiaxed

microstructure with a 40 ~m grain size, Tests were also conducted on samples thal

w,crc furrmcc cooled, but no disccrnable dif(crenccs in (he mechanical behavior

were found, Quasi-static compression ICSIS were cond~cted on a screw-driven load

frame UI strain riilcs of O,OUI and O. I s“’. Dynamic Icsls, strain ralcs above Id s“’,



were conduckd in a split-Hopkinson pressure bw [12]. High Iem.pera(ure tests

urre ~rformcd in a vacuum furnace mounted on the spliL.Hopkinson bar [ 13].

TENI ioils were cut from (hc samples after testing using a low speed diamond saw.

The foils were thinned mechanically with &Xl gril paper and then jet polishd in a

Fischionc dual jetpolishcr. The plishing conditions were -40°C, 60 volts and 10 mA

in an elhanol-4 % perchloric acid solulion. The foils were examirsd in either a

Phillips CM30 AEM or a JEOL 2000EX.

111.RESULTS AND D1SCUSS1ON

At a strain rate of 3tM0 s-’, the flow stress at six pereent swain increases wilh

(temperature, between 300K and 1083K. (Fig. l). The flow stress at 77K is slighdy

higher than that found al room temperature. This behavior is similar to that found

in the low strain rate regimes [2-6]. Above 1083K the flow stress at six percent

s(rain saturates and only decrases slightly at higher strains. This Wuralion is

sigriifmndy different than that obserwd al this Iempemlure in the quasi-static

strain rate regimes for Ni3Al, but similar 10 ltsal seen in pure metaJs at high strain

rates, AI larger strains, in the high tempmture range, she flow stress reaches

W.sralion, i.e. Ni3Al shows no work hardening, and the f!c’:: SIWSS falls to levels

less than [hose found at ltrc ~me strains at lower temperatures.

The slrain rate sensitivity of Ni3Al varies comiderab]y with tem~mture. At

77K, Ni3Al shows no strain rate sensitivity over stm.in rit!es tanging from 2(KKl to

7(KK) s“’. Edh at room temperature and 545°C, Ni3Al shows significant incr~ses in

flow stress with strain rates ranging from 20@3 s“’ (o SOW s“’. The strain rate

sensitivity a[ rcmm temperature, however, is lower than that found at 545°C over an

equivalent incrase in strain rote, This inc~se in shin rule sensitivity with

temperature is commonly observed in o[hcr metals [14].

The variations in work hardening rate with shin rate and tem~rature,

perhaps because of the anamolous flow behavior, are in some respects diffcrcnl

than [hose seen in Ni, For smain rales greater lhan 20fX) s-’ at 77K the strain

hordcning mlc (da/de) increases with increasing flow stress (Fig, 2a), This incrsxse

in strain hardening rate is also observed in the lower strain rates al rwm

lcmpcrature, although [he rate of increase with flow stress is not as high as (hat



seen a~ 77K (Fig. 2a). Al temperatures belween room tempemture and 473K and

a strain rate of 3000 s“’, the slrain hardening rate remans relatively consmn: wilh

increasing flow stress, bul decreases slightly with temperature (Fig. 2b). At

tem~ra[ures grater that 823K the strain hardening rate dmreases with increming

flow stress, which is similar to the behavior of most metals [7-8].

At room temperature [he strain hardening rate increases with increasing

swain rate but is insensitive to flow stress (Fig, 3). The value of (he strain

hardening rate for Ni3Al at rcmm temperature and quasi-static strain rates, is

approximately 10% higher tharr that found for Ni270 [9]. The strain hardening ra!e

for high strain rates is found to be considerably higher by about 40%, (P/100 @

c =30CM) s“’ for Ni3Al versus u/145 for Ni270) than I.hat found for Ni270 [9- 10].

Some caulion must be taken in making a direct comparisons of work hardening

rale values between Ni3Al and Ni becaux of ~ssibiti aitlerenees in internal

stwcture (dislrxation density, grain size, etc.), the depndenee of strain hardening

on strain rate [6-9] and the observation that ordered materials stmin harden at a

higher rate than non+xderal materials [4-6]. At 545°C the strain hardening rate

also increases with strain rate. At st.min sales less than 5000 s-’ the ~(ra.in

hardening rate dareases with incrasing flow slrcss and falls in the region of

decreasing work hardening rates shown in Figure 2c. At stmin rates higher than

5000 s-’ the strain hardening rate remains relatively ecmstant with increasing flow

stress.

A. TEM Observations

After annealing the Ni3Al was relatively dislocation free, Samples deformed at a

strain rate of O,(3OI s“’ had an even distribution of dislocations which were

prcdominale!y of the < 110>{111) type (Fig. 4a), stacking fauls were idSO present

in [hc material deformed at this strain rate, The sample deformed at 3000 s“’

showed a similar dislocation structure bu[ a higher dishxation and slacking fault

densily, At a strain rale of 8000 s“’ the dislocation density was quite high and

coarse planar slip bands lying on {1 11) planes were observed in ,nany grains

(Fig, 4b),

The variation in disloeaion stmcmre with temperature at a stmin rale of



NXM3 s-’ IS similar to lhat found al quasi-static rates. At liquid nitrogen temp!ra(ure

:he dcforrnalion is limited to <110> {1 11] (ype dislocations wi(h a very high

densil~ of stacking faults. This high density of stacking faults most likely contributes

m the lack of strain rate sensitivity. At 673K, <110> {1 11} [ype dislocations are

predominate bul < 110>{ 100) ty~ dislocations amJ stacking faults are also

observed. The stacking fault density decreases with incr=sing lemy.rature, with

only a few sfacking faults observed in tie material deformed at 127.3K. In the

~mples deformul at 973K and 1273K ~he numkr of <110> {001) dislocations

increases, however [he predominate dislocations are still <110> {11 1} type (Fig.

4d), Also observed in these samp:es were <110> { 110} dislocations; a

con figurmion repcrled by Carcm el. a.l. [15], The malena.ls deformed at higher

icmperatures also have considerably Iowcr dislocation densities. Since the material

is recovering faster than the dislocations carI accumulate, it is difficult to say which

dislcmtions are controlling the deformation behavior at the high slmin rates and

high temperatures. One might speculate that if she <110> {001) dislocations were

controlling deformation then recovery in this system is much more rapid than in she

cllO>(lll) system. A study is cumenlly under way to examine this possibility,

IV. SUMMARY

The anomolous flow strenglh re~nd forNi3Al at quasi-shtic strain rates was also

observed al strain rates of 3000 y’, The work hardening rate found in LNiJAl was

higher than Ni270 at room temperature. The Lempesature dependence of ‘he work

hardening rate versus flow stress was qualitatively similar to that found in most

melals; with temperature incrases the work hardening rate decr~ses. Ni,Al had a

strain rate sensitively thal was higher than thal ol.werved In Ni270,
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FIG. 1 FIOM ~[re~; ut 6% s!rain versm :etnperurure for Ni@ I wi[h 0, 095(1[ % B.

FIG. 2 Work hordening ra[e verswjlow s[ressfor Ni@l wi[h 0.095 ~ % B

deformed u u) 77K c > 2WS”1 and 3&lK low c b) 3~K, 473K c)

677K, 823K, 983K.

FIG. 3 Work hardening riue versusjlow stress for lVi+l deformed aI various

strain rues for a) 3(.WK b) 823K.

FIG , 4 ZEM bnght$eld of Ni# deformed at a) 3C0K and c = O.Gill S-l b)

3&lK, c =8GUI s-] c) (Dark JieU) 77K, c =3W S-l d)1273K,

~ =3~s”1.
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